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To understand and optimize optical spin initialization in room temperature CdSe nanocrystal
quantum dots (NCQDs) we studied the dependence of the time-resolved Faraday rotation signal on
pump energy Ep in a series of NCQD samples with different sizes. In larger NCQDs, we observe two
peaks in the spin signal vs. Ep, whereas in smaller NQCDs, only a single peak is observed before the
signal falls to a low, broad plateau at higher energies. We calculate the spin-dependent oscillator
strengths of optical transitions using a simple effective mass model to understand these results.
The observed Ep dependence of the spin pumping efficiency (SPE) arises from the competition
between the heavy hole (hh), light hole (lh) and split-off (so) band contributions to transitions
to the conduction band. The two latter contributions lead to an electron spin polarization in the
opposite direction from the former. At lower Ep the transitions are dominated by the hh band,
giving rise to the low energy peaks. At higher Ep, the increasing contributions from the lh and so
bands lead to a reduction in SPE. The different number of peaks in larger and smaller NCQDs is
attributed to size-dependence of the ordering of the valence band states.
Electrons confined in quantum dots (QDs) are a use-
ful system for studying the physics of single spins which
may lead to applications in spintronics or quantum
information processing.1,2 Unlike gate-defined3 or self-
assembled4 QDs which confine electrons on 10-100 nm
length-scales, colloidal nanocrystal QDs provide much
stronger confinement, on length-scales of a few nanome-
ters. This strong confinement has the desirable property
of enabling operation at room temperature and above,
but also causes the spin physics to deviate significantly
from bulk-like properties.
Optical excitation of spins in semiconductors is a pow-
erful technique to study the initialization of coherent spin
states in both bulk materials and nanostructures. Here,
we study the room temperature optical spin pumping
process in nanocrystal QDs (NCQDs). We measure the
efficiency of spin pumping vs. excitation energy in NCQD
ensembles with different mean particle size and find that
the resulting spectra depend on the confinement-induced
valence (v) band mixing and the size-dependent ordering
of v-band states. In larger, low-temperature QD systems,
these effects are present to an extent,2 but the smaller size
of the NCQDs studied here brings confinement-induced
effects into a dominant role. These results reveal the spin-
dependent optical selection rules in NCQDs, and can be
applied to optimize optical spin initialization at room
temperature in these materials.
Optical spin pumping in bulk semiconductors can be
achieved by exciting electrons using circularly polarized
light into the conduction (c) band from a particular va-
lence sub-band (heavy hole (hh), light hole (lh), or split-
off hole (s.o.)).5 A photon carrying an angular momen-
tum e.g. −1h¯ can excite an electron from the hh sub-
band to the c-band, creating an electron-hole pair with
|Jz,h = +3/2, Sz,e = +1/2〉 or from the lh or s.o. band
creating an electron-hole pair with |Jz,h = +1/2, Sz,e =
−1/2〉 (see Fig.1 (a)). Here Jz,h and Sz,e are the v-
band and c-band angular momentum projections, respec-
tively. In bulk semiconductors, the hole spin lifetime
(τh < 1 ps)
6 is typically much shorter than that of the
electron. On timescales longer than τh, the electron spin
in the c-band is the total net spin in the system. In this
situation, transitions from the lh and s.o. bands pro-
duce spin polarization opposite to that produced from the
transitions from the hh band for the same circularly po-
larized excitation. The net spin pumped into the c-band
will therefore depend on the excitation energy and the
relative oscillator strength of transitions from the three
valence sub-bands. The oscillator strengths of transitions
from the hh, lh, and s.o. bands to the c-band are in the
ratio of 3:1:2.5 Thus at an excitation energy where the hh
and lh bands are excited equally, net spin polarization is
still created in the c-band. If all three sub-bands are ex-
cited equally, however, zero net c-band spin polarization
is generated.
The process of optical spin pumping in QDs differs
from bulk semiconductors. In QDs, the hole eigenstates
are composed of a superposition of bulk eigenstates from
all three valence sub-bands in general. This v-band mix-
ing depends on the quantum confinement. In larger quan-
tum dots, the hole states are still often dominated by
one of the valence sub-bands, and thus resemble the bulk
case. In the strong confinement in the NCQDs studied
here, the hole eigenstates have substantial sub-band mix-
ing, and even the ordering of the eigenstates changes with
QD size.7
Spin dynamics and relaxation processes in CdSe NC-
QDs have been subject of previous studies8–11, however
the details of the optical spin pumping process studied
here have not been the focus of any prior work. The
results presented here reveal how excitation from differ-
ent quantum-confined v-band levels in various sizes of
NCQDs affects the resultant spin polarization. We un-
derstand the experimental results by comparing them to
a simple, spherical effective mass model (following Ref. 7
and 12). We find that in larger NCQDs, there are several
low energy transitions dominated by the hh band, result-
ing in efficient spin pumping. In smaller NCQDs, we find
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2less efficient spin pumping, as the stronger quantum con-
finement pushes the energy of many of the hh-dominated
transtions above that of lh and s.o.-dominated transi-
tions.
We performed a series of time resolved Faraday ro-
tation (TRFR) measurements13 on colloidal solutions of
CdSe NCQDs at room temperature. The NCQDs which
are stabilized with octadecyl amine surfactants are sus-
pended in toluene with a concentration of approximately
2 mg/mL (purchased from NN-Labs). We studied three
samples with different nanocrystal sizes with the first
absorption peaks of the ensembles centered at energies
Eabs = 1.94, 2.07, and 2.10 eV. They are referred to as
sample A, B, and C respectively hereafter. From the cal-
culations discussed below, we find that these Eabs cor-
respond to mean NCQD radii aA = 3.05, aB = 2.40,
and aC = 2.04 nm. Size distribution measurement of
sample A using transmission electron microscopy (TEM)
confirms this size assignment.10 TEM measurements also
reveal that the NCQD ensemble has a normal size distri-
bution with 10% fractional width. We assume the same
width of size distribution for the other samples.
In the pump/probe TRFR measurement carried out
here, a circularly polarized pump and a linearly polar-
ized probe laser are focused to the same spot inside a
1 mm thick cuvette containing the sample. The cuvette is
placed between poles of an electromagnet which provides
transverse magnetic field B. The pump pulse creates a
net spin polarization in the sample. This spin polariza-
tion modifies the index of refraction for right and left
handed circularly polarized light. Consequently a lin-
early polarized probe pulse sent through the same spot
in the sample measures a projection of the induced spin
polarization through a rotation in its polarization axis.
We measure this rotation through a two-lock-in modula-
tion technique. Both pump and probe pulses are derived
from a pulsed supercontinuum laser at 5 MHz repetition
rate, and have duration of ≈ 20 ps. We used two sets
of linearly graded edgepass filters to independently se-
lect the wavelengths from the white light output of the
laser as pump and probe beams. The probe pulse is
fixed at an energy slightly less than Eabs, and has band-
width ∆λ = 30 nm. The pump pulse has bandwidth
∆λ = 20 nm (∆E = 0.06-0.1 eV across the energy range
studied here). A mechanical delay line was used to ad-
just the pump-probe delay, mapping out time evolution
of the spin polarization projected onto the probe pulse
propagation direction.
Using the wide range energy output of the supercon-
tinuum laser we were able to scan the pump photon en-
ergy Ep from 1.8 eV to 2.7 eV and study the resulting
spin polarization. Figure 1(b) shows room temperature
TRFR data from sample A taken at three different Ep at
B = 250 mT. The arrival of pump pulse at t = 0 creates
an electron-hole pair, which rapidly relaxes to the lowest
energy exciton state.14 The hole spin state is randomized
on a timescale faster than we can observe here,15,16 and
the resulting electron spin polarization is seen as the first
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FIG. 1. (a)Schematic of possible optical transitions through
σ+ or σ− light from hh, lh, and s.o. to c-band. (b)S(t) from
sample A normalized by σS for three different Ep. The inset
shows σS vs Ppump at Ep = 1.97 eV along with a linear fit.
spike in the data. Precession of spins around the exter-
nal magnetic field B in the Voigt geometry is mapped as
oscillations in the resultant signal. The magnetic-field-
dependent oscillations, which change sign with opposite
excitation helicity, prove that the signal arises from spins
in the QDs. The spin signal decays in the course of a
few nanoseconds because of decoherence and dephasing
processes.17
To quantify and analyze spin pumping efficiency (SPE)
at different Ep we consider the measured FR signal at
time t denoted as S(t), a summation of spin signal and
a noise term: S(t) = s(t) + n(t). Assuming Gaussian
uncorrelated noise with standard deviation σn, we write
the standard deviation of the signal as σS =
√
σ2s + σ
2
n.
Given that we can measure the noise level σn at times
prior to arrival of the pump pulse, we calculate and use
σS as a measure of SPE.
To demonstrate that σS is a proper measure of SPE
three different FR curves taken at distinct Ep are normal-
ized by σS and shown in Fig. 1(b). The raw data from
which the superposed curves are derived have different
amplitudes originally, as they are taken at different Ep
and different pump power Ppump. The fact that this nor-
malization collapses the curves onto each other signifies
that σS is a good measure of the spin signal amplitude.
Furthermore, the fact that the observed spin dynamics
are the same across the range of Ep indicates that chang-
ing Ep only changes the degree of spin initialization, not
the resulting dynamics. The inset to Fig. 1(b) shows the
dependence of σs on Ppump, which is well-described by a
linear fit. As Ppump is not constant across the laser spec-
3trum, the SPE data discussed below will be normalized
by Ppump, which is kept within the linear regime shown
in the inset.
Figures 2(a)-(c) show σs vs. Ep, yielding the SPE spec-
trum in all three samples (black circles). Each sample
shows a low energy peak that corresponds roughly to
Eabs. Sample A, with the largest NCQD size, shows a
second peak approximately 200 meV higher. At higher
energies SPE falls off to a low broad plateau. In contrast,
in samples B and C no clear second peak is observed in
the SPE spectrum, but instead a broad shoulder is seen
as Ep is increased. These results can be understood by
looking at the spin dependent optical transition strengths
of NCQDs and size-dependence of electron and hole en-
ergy levels.
The key to interpreting the data is how an admixture
of hh, lh, and so valence sub-bands are involved in exci-
tations with different energies. Using an effective mass
model, following the work of Ekimov et al,7 we calcu-
lated the eigenstates and energies of conduction and v-
band states and the relevant optical transition strengths
in spherical CdSe nanocrystals.
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FIG. 2. (a)-(c) show σS vs. Ep for sample (A)-(C) respec-
tively. The Red(blue) regions represent P↑(P↓) vs. Ep. Labels
on Ep-axes show important transitions as named in Fig. 3
We first calculated the quantum-confined electron and
hole wavefunctions with appropriate boundary condi-
tions. The holes are considered to be bound inside the
NCQD within an infinite potential well while the elec-
tron wavefunction can leak out.18 In general, the electron
wavefunction can be written as: Ψel,m(r) = f
c
l,m(r)uc,Sz .
Where uc,Sz and f
c
l,m are the Bloch and envelope func-
tions in c-band. The subscripts l and m denote the en-
velope function angular momentum magnitude and pro-
jection quantum numbers. By applying the boundary
conditions, the radial part of the envelope function is de-
termined to be spherical and modified Bessel functions
for the inside and outside regions. Similarly the hole
wavefunction is
Ψh,±F,M (r) =
∑
l
∑
J,Jz
fv,±l,m (r)uJ,Jz (1)
with uJ,Jz and f
v,±
l,m being the Bloch and envelope func-
tions in v-band. The set of good quantum numbers for
hole eigenstates are F and M , where F is the sum of an-
gular momentum of the Bloch and envelope functions and
M = Jz +m is its projection. The ± superscript denotes
even and odd parity states. For even states l = F + 1/2
and F −3/2 and for odd states, l = F −1/2 and F +3/2.
In the v-band, the radial part of the envelope function
is in general a sum of three spherical Bessel functions
jl(ktr), with kt being the wavevectors in lh, hh, and
s.o. sub-bands. The second summation in Eq. 1 in-
cludes contributions from the three valence sub-bands.
With J = 3/2, the sum is over Jz = ±3/2,±1/2 which
includes the Bloch functions, u3/2,Jz of the hh and lh sub-
bands. With J = 1/2, the summation is over Jz = ±1/2
which includes u1/2,±1/2, the Bloch functions for the s.o.
sub-band. The energies and envelope functions are de-
termined by imposing the appropriate boundary condi-
tions. The exciton energy levels are determined by the
difference between c-band and v-band energies, with the
electron-hole Coulomb energy included empirically, fol-
lowing Ref. 18. The strength of a transition induced by
right handed or left handed circularly polarized light σ±
is P± = |〈Ψh|e±pˆ|Ψe〉|2. e± = ex ± iey is the polar-
ization vector and pˆ is the momentum operator. We
calculate the transition strength in the envelope function
approximation as
P±F,M =
∑
l,J,Jz
∫ ∞
−∞
drf c
l′ ,m′(r)f
v
l,m(r)|〈uJ,Jz |e±pˆ|uc,Sz 〉|2.
(2)
Figure 3 shows the calculated energy of optical transi-
tions vs. radius a. The thickness of each line represents
the strength of the particular transition. (Only transi-
tions with strength greater than 5% of transition (i) are
shown.) The transitions are labeled using the standard
notation.19 First the v-band state is denoted nlF , where
n is the principal quantum number, l is the lowest or-
bital momentum included in the state. The c-band state
is then denoted nle.
The color of the lines in Fig. 3 represents l of the c-
band state (blue: S, red: P, and green: D). For all sizes,
the lowest transition is 1S3/21Se, and the next lowest is
the relatively weak 2S3/21Se. All of the transitions show
decreasing energy with increasing radius, as the quantum
confinement is reduced. Notably, however, the transition
energies do not all change at the same rate with radius.
For example, the 2S1/21Se transition crosses other transi-
tions as the NCQD radius changes. For smaller NCQDs,
(e.g. sample C, indicated by vertical dashed line (C) in
Fig.3), the third-lowest energy transition is 2S1/21Se. At
4higher energies, four transitions involving holes in 1P3/2,
1P5/2,1P1/2 , and 2P3/2 states and 1Pe electrons emerge.
In contrast for larger NCQDs this cluster of P transitions
occurs at lower energies than level 2S1/21Se (e.g. sample
A). This change in the order of transitions has significant
implications for optical spin pumping of large and small
NCQDs.
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FIG. 3. Calculated exciton energies vs. NCQD radius. Labels
on right indicate the corresponding hole and electron states.
The vertical dashed lines (A), (B), and (C) show the center
radius of the size distribution of the respective samples.
The fact that the hole wave function is a superpo-
sition of hh, lh, and so sub-bands, represented as the
summation over uJ,Jz , means that e.g. if the transi-
tion 1S3/21Se is driven it is not a transition purely from
the hh sub-band to the c-band. In consequence, both
c-band spin up and spin down are generated by each
circularly polarized light polarity. The optical transi-
tions shown in Fig. 3 include contributions from all three
valence sub-bands, regardless of the c-band spin state
they involve. However, to determine the probability of
creating a certain c-band spin polarization by a circu-
larly polarized photon we separately consider the oscil-
lator strength of transitions to states with c-band spin
up and spin down: P±↑ = P
±(Sz = 1/2) and spin down
P±↓ = P
±(Sz = −1/2).
The result is depicted in Fig. 2 as the blue and red
regions, which show histograms of P+↑ (Ep) and P
+
↓ (Ep)
respectively for an ensemble of NCQDs with normally
distributed radii with a fractional standard deviation of
10%. The distribution of radii displays the effect of inho-
mogeneous broadening – features from transitions with a
larger slope of energy vs. radius will appear broader and
with smaller amplitude than those with smaller slope.
Despite the simplicity of the model used, the patterns
predicted by the calculations outlined above and depicted
in histograms of Fig. 2 give qualitative physical insight to
the experimental data. When the NCQDs are pumped
resonantly, at 1.95, 2.05, and 2.15 eV in samples A, B,
and C respectively, the first peak in SPE occurs. The
resonant transition is dominated by the hh sub-band and
leads to up c-band spins. In sample A, a cluster of tran-
sitions occurs (iii-vi), which are also dominated by the
hh component. These give rise to the second peak in
Fig. 2(a). At higher energy, transition (vii) is excited,
which is the first transition to be dominated by lh and
s.o. hole components. This transition excites mainly
spin down in the c-band, leading to a sharp drop in
the SPE. At higher energies, transitions become closely
spaced and contain all three valence sub-bands, leading
to a low broad feature in the SPE spectrum. In sample
C, the smallest size NCQDs, the ordering of transition
(vii) and the cluster (iii-vi) is reversed. Thus the spec-
trum shows only the resonant peak and a small shoulder
from the weaker transition (ii) before being cut off by the
contributions form the lh and s.o. sub-band in transition
(vii). The intermediate sample B, shows a broader shoul-
der, with some spin signal emerging from transition (iii)
before the emerging significance of the lh and s.o. bands
reduces the SPE.
The calculations predict additional broad, low peaks
in the SPE at even higher energies. For example in sam-
ple A, the calculation shows a low peak around 2.55 eV,
where we instead observe just a broad shoulder. This
may indicate that the spin state is not perfectly preserved
in the energy relaxation process for electron hole pairs ex-
cited to higher energies. Moreover the simple model used
here does not take into account the lack of spherical sym-
metry which would allow additional transitions and can
potentially smear out some of the calculated features.
In summary, we have measured room-temperature
SPE vs. excitation energy in three ensembles of NCQDs
with varying sizes. In all samples, we find a peak in SPE
at the energy resonant with the lowest-energy interband
transition. In larger size NCQDs, we observe a second
peak in SPE about 200 meV above the first peak. In con-
trast, we do not see the second peak in the two smaller
samples. These observations are understood by compari-
son to effective mass calculations, which show that these
features can be explained by the size-dependent ordering
of v-band states and mixing of valence sub-bands. These
results provide a picture of how strong quantum confine-
ment affects spin-dependent optical transitions, and also
allow for the optimization of optical spin pumping for fu-
ture investigation of spin physics in these nanostructures.
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